Aerosciences, Aero-Propulsion and Flight Mechanics Technology Development
for NASA’s Next Generation Launch Technology program

Charles E. Cockrell, Jr."
NASA Langley Research Center, Hampton, VA

Abstract

The Next Generation Launch Technology
(NGLT) program, Vehicle Systems Research and
Technology (VSR&T) project is pursuing technology
advancements in aerothermodynamics, aero-
propulsion and flight mechanics to enable
development of future reusable launch vehicle (RLV)
systems. The current design trade space includes
rocket-propelled, hypersonic airbreathing and hybrid
systems in two-stage and single-stage
configurations. Aerothermodynamics technologies
include experimental and computational databases
to evaluate stage separation of two-stage vehicles
as well as computational and trajectory simulation
tools for this problem. Additionally, advancements in
high-fidelity computational tools and measurement
techniques are being pursued along with the study
of flow physics phenomena, such as boundary-layer
transition. Aero-propulsion technology development
includes scramjet flowpath development and
integration, with a current emphasis on hypervelocity
(Mach 10 and above) operation, as well as the study
of aero-propulsive interactions and the impact on
overall vehicle performance. Flight mechanics
technology development is focused on advanced
guidance, navigation and control (GN&C) algorithms
and adaptive flight control systems for both rocket-
propelled and airbreathing vehicles.

Introduction
The United States National Aeronautics and
Space Administration (NASA) has established the

Next Generation Launch technology program
(NGLT) to develop technologies for reusable launch
vehicles (RLVs) and achieve  significant
improvements in safety, reliability and cost

effectiveness for space access.! The NGLT program
is one element of NASA's Integrated Space
Transportation Plan (ISTP), which includes the
Space Shuttle and Orbital Space Plane (OSP)
development. The NGLT research and technology
projects encompass propulsion, vehicle systems,
ground demonstrations and flight demonstrations.
This program provides balanced technology
development to address a range of near, mid and
far-term launch requirements.

* Aerosciences Manager, NGLT Vehicle Systems
R&T Project Office, NASA Langley Research
Center. Senior Member AlAA.
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Technology development is driven by a suite
of reference architecture concepts representative of
projected launch requirements. These concepts may
generally be categorized by the number of stages
and the primary propulsion system utilized. While
two-stage concepts are judged to be more viable for
near-term applications, single stage concepts
remain an option for long-term system development.
Propulsion systems options can generally be
categorized as rocket, airbreathing and hybrid.
Further, airbreathing systems may consist of high-
speed turbine, dual-mode scramjet and combined-
cycle operation. Hypersonic airbreathing propulsion
offers potential performance advantages over
conventional rocket propulsion, but requires a
greater degree of technology advancement. Figure 1
shows examples of the current reference
architecture suite.

The NGLT Vehicle Systems Research and
Technology (VSR&T) Project includes airframe
structures and materials, aerosciences, vehicle
subsystems and spaceport and range technologies.2
Additionally, flight demonstration activities provide a
flight validation component for concepts, design
methods and ground testing techniques.

The objective of the aerosciences subproject
is to develop technologies that provide enhanced
aero-propulsive performance, stability and control,
and maneuverability of RLV systems in atmospheric
flight. Enhanced performance margin leads to
increased safety and reliability. Examples include
configuration-specific design concepts to enhance
aerothermodynamic and aero-propulsive
performance, active flow control, high-fidelity
analysis and design tools, and advanced adaptive
guidance, navigation and control algorithms.
Additionally, methods, test techniques and high-
fidelity experimental and computational databases
are being developed to enable complete
assessments of vehicle performance and stability
and control through representative flight profiles.

Figure 1. NGLT reference

Examples of
architecture trade space.
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These assessments include data for aerodynamic
forces and moments, global surface aeroheating, tip-
to-tail flowpath fluid dynamics and adaptive flight
control system performance.

Efforts in the aerosciences subproject are
grouped into three elements: aerothermodynamics,
aero-propulsion and flight mechanics. An overview
of each of these elements and their contribution to
NGLT program goals and objectives is described
herein.

Aerothermodynamics

Aerothermodynamics is a blend of
aerodynamics, aeroheating and fluid dynamics. The
blending of these disciplines addresses aspects of
vehicle aerodynamic performance, stability and
control, and survivability throughout mission
trajectories for RLV configurations.
Aerothermodynamics assessments must model a
wide range of speed regimes and flow physics from
takeoff, through ascent to orbital insertion, re-entry,
approach and landing. Figure 2 summarizes the
various challenges in each flow regime. Each speed
regime is characterized by different flow physics and
flow chemistry modeling requirements.

Altitude

Laminar boundary layer

Configuration Aerothermodynamics

Configuration-specific  aerothermodynamic
assessments are conducted to provide high-fidelity
computational and experimental databases to
determine vehicle performance. These data are
used to enhance the fidelity level of systems concept
studies and to investigate potential design concepts
or technologies that may lead to performance
enhancements.

A high-priority technology shortfall concerns
the aerodynamic and aeroheating characteristics
during stage separation and abort for two-stage
vehicles. A representative TSTO rocket-propelled
configuration, referred to as the Langley Glideback
Booster (LGBB), is depicted in figure 3.2 Test entries
have been conducted with this configuration at
supersonic (Mach 2.4-3.6), transonic and hypersonic
(Mach 6) speeds in various facilities to assemble a
database of proximity aerodynamic characteristics
for the two bodies. An additional entry will be
conducted at Mach 10 ground test conditions.
Additionally, an investigation of  proximity
aeroheating test techniques and characteristics is
underway with a pending test entry at Mach 6
conditions. Significant challenges exist in developing
the capability to measure three-dimensional surface

Shock Interaction
BL Transition

Supersonic  Staging

Transonic  Loads/Stability
Subsonic  Takeoff/Landing

Mach number

Figure 2. Aerothermodynamic flow physics challenges through ascent and re-entry trajectories.
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Figure 3. Langley Glideback Booster (LGBB)
TSTO configuration.

heating data with two bodies in proximity. These
data may be critical to understanding localized
heating due to shock interactions or stagnation
regions as well as perturbations in aerodynamic
forces and moments due to the flow structure during
the separation sequence. The complete database
will address a wide range of nominal separation and
abort scenarios through a representative ascent
trajectory.

As a companion effort to the experimental
stage separation work, development  of
computational fluid dynamics (CFD) and engineering
analysis tools to simulate stage separation are being
pursued. A Chimera-scheme (overset structured-
grid), Navier-Stokes CFD code, OVERFLOW, is the
focus of the CFD development. This tool was
previously applied to analyze separation of the X-
43A research vehicle from the booster vehicle. *
Code capabilities have since been extended to
include a 6-degree-of-freedom (6-DOF) time-
dependent dynamic simulation capability. Validation
of this capability is being accomplished through
application to the LGBB and comparisons with the
extensive experimental data sets. Figure 4 shows
predictions of symmetry plane pressure contours at
Mach 3 conditions of the LGBB, obtained with
OVERFLOW. An engineering tool is also being
developed which incorporates a separation
simulation capability into an existing trajectory
simulation tool developed for RLV vehicle analyses.
When completed, the tool will provide an end-to-end
trajectory simulation including separation and abort
sequences. The separation simulation tool was also
developed and applied to the X-43A separation
analysis. °

3

/

Figure 4. OVERFLOW solution of the LGBB at
Mach 3 freestream conditions.

Future work in stage  separation
aerothermodynamics will focus on vehicle concepts
which  involve  hypersonic  airbreathing and
combined-cycle propulsion. The separation of lifting-
body concepts at hypersonic Mach numbers and
high dynamic pressures may introduce a different,

more complex, set of aerothermodynamic
challenges, including mode transition and
propulsion-airframe interactions not previously
considered.

Flight Environment Definition

Continued advancements of high-fidelity
computational methods are being pursued to
improve uncertainties in  aerothermodynamic
predictions in conceptual design cycles and pre-
flight assessments. The creation of surface and
volume meshes to resolve complex vehicle surface
features and provide sufficient resolution to predict
surface and flow field quantities is a long-lead item
for structured-grid CFD applications. Unstructured
grid applications offer the potential to reduce cycle
times for high-fidelity analyses, making it feasible to
incorporate these methods earlier in the conceptual
design process and to make high-fidelity
computations possible in  rapid configuration
assessments. The high-energy flow solver synthesis
(HEFSS) code is an unstructured computational tool
for viscous, high-temperature, chemically-reacting
flows.® This tool combines algorithms and physical
models from benchmark solvers used for
aerothermodynamic  and  propulsion  flowpath
analyses into an existing unstructured-grid, perfect-
gas CFD code.”* Mesh generation capabilities and
solutions of simplified hypersonic flows have been
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demonstrated and applications to more complex
RLV reference configurations are underway."* Figure
5 shows a solution on a blunt cylinder with
comparisons to a benchmark structured-grid
calculation.
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Figure 5. Benchmark solution with HEFSS
compared to structured-grid solution.

Advancements in  measurement and
diagnostic capabilities are also being pursued.
Measurement needs include aerodynamic, surface
aeroheating and fluid dynamics. These requirements
are summarized in table 1. The design of future RLV
systems will require improvements in the uncertainty
of aerodynamic and surface aeroheating ground test
measurements to characterize pressure and heating
loads. Additionally, vehicle development and
validation of advanced design tools require off-body
fluid dynamic measurements to characterize flow
field features.

Characterization of proximity aerodynamics
during stage separation requires  precise
measurement of model orientation and forces and
moments. The use of inertial measurement devices
in ground test facilities may introduce uncertainties
in proximity force and moment measurements. The
use of optical measurement devices has been

demonstrated for various applications.*? Application
to optical angle of attack measurements in
hypersonic  ground test facilites will be
demonstrated in the near term. Global surface
pressure measurements are also needed to fully
characterize aerodynamic loads. Pressure sensitive
paints (PSP) have been used to successfully
measure global quantitative surface pressures at low
speeds, but temperature sensitivity is a source of
error in these formulations.*® Work is progressing to
demonstrate the functionality of high-temperature
pressure sensitive coatings for hypersonic test
applications.

The design of advanced thermal protection
systems (TPS) for RLV configurations is dependent
on sufficient resolution of surface heating loads.
Surface heating measurements also provide
information on flow phenomena, such as boundary-
layer transition, flow separation and localized shock
impingement locations. Infrared imaging has been
applied to obtain quantitative measurements on
hypersonic wind tunnel models.** The application of
high-definition cameras to provide high-resolution
three-dimensional surface heating data is being
pursued. The application of phosphor thermography
technique has also been applied to various
hypersonic configurations.”™ Work is continuing to
extend the capabilities of this technique by
extending temperature ranges, calibration of
software improvements to improve uncertainties for
guantitative heating measurements and the
development of tools for rapid mapping of heating
images to three-dimensional geometries. Figure 6
shows an example of quantitative surface heating
measurements obtained using this technique. Areas
of high surface heating, including localized regions,
are visible.

Flow field fluid dynamic measurements
include velocity, temperature, pressure and species.
Because probe measurements are not feasible in
hypersonic flows due to the flow disturbances that

Category Measurement Need

Technologies Pursued

Aerodynamic | Angle of attack and sideslip.

Optical attitude measurements in hypersonic test
environments.

Surface pressures.

High-temperature pressure sensitive coatings
(PSC).

Aeroheating Global (3D) surface temperature

and heat transfer measurements.

Infrared thermography.

Phosphor thermography.

Fluid Flow field velocity, pressure,
Dynamic temperature and species
measurements.

Non-intrusive, laser-based diagnostic
applications. (PLIF velocimetry, thermometry).

Table 1. Summary of aerothermodynarEic measurement needs and technologies.
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they induce and high-temperature environments, the
focus is on non-intrusive, laser-based, diagnostic
methods. Planar laser-induced fluorescence (PLIF)
is a technique that has been demonstrated for a
wide range of velocimetry measurements.’® The
application of PLIF with iodine and nitric oxide (NO)
seeding will be demonstrated for flow field
measurements on a relevant reference configuration
at hypersonic test conditions to obtain velocity
measurements and, eventually, temperature, density
and species measurements. A portable NO PLIF
system was recently installed in the NASA-Langley
15-Inch Mach 6 wind tunnel. The system is designed
to inject NO through model pressure ports and
image fluorescence through optical access to the
test section. Future areas of research will also
include measurements of velocity components in the
proximity of simulated powered exhaust plumes for
airbreathing configurations.

Figure 6. Application of phosphor thermography
for quantitative surface heating measurements.

Flow Physics and Control

Investigation of various aspects of flow
physics phenomena are being conducted as a basis
to provide improved physical modeling capabilities
and to investigate mechanisms to exploit or control
local flow fields to provide enhanced performance.
Boundary-layer transition modeling and control in
the hypersonic speed regime is one such area of
research. The ability to predict transition accurately
impacts surface heating loads and thermal
protection system (TPS) design and sizing."
Additionally, the impact with respect to airbreathing
vehicles extends to engine operability and
performance as well as aerodynamic drag. Turbulent
flow is desirable in the inlet to prevent boundary
layer separation in the presence of adverse pressure
gradients, but laminar flow is desired along the
forebody and leeward external surfaces. The ability
of airbreathing systems to achieve positive net thrust

5

is dependent on a small difference between large
thrust and drag components at high Mach numbers.
Therefore, large uncertainties in transition location
could result in increased drag and decreased
performance margin. Systems studies include trades
to understand the impact of transition, surface
heating predictions and turbulent drag on vehicle
performance and weights.

Efforts to improve transition prediction
models include the application of linear stability
theory to hypersonic transition, examination of data
from the Pegasus flight experiment® and
investigations of direct simulation Monte Carlo
(DSMC) approaches to understand physical
mechanisms applicable to transition.”® Figure 7
illustrates a simulation of laminar flow breakdown
using DSMC. Hypersonic flight demonstrator
vehicles may require forced transition mechanisms
to induce turbulent flow along the forebody surface
upstream of the inlet for engine performance and
operability. The X-43A program investigated the
effectiveness of forced transition via intrusive
devices on the forebody surface.”® For systems that
must operate over a wide Mach number range, it
may be desireable to have “transition on demand”
capability. This approach has been demonstrated at
Mach 6 and Mach 10 conditions on a representative
X-43A forebody through the use of mass injection.
Future studies may involve application of mass
injection for boundary layer control to improve
control surface effectiveness and the use of passive
porosity for hypersonic laminar flow control.?*

Flight Validation

Validation via flight is an
component of aerosciences

important
technology

flow

laminar

Figure 7. Simulation of
breakdown using DSMC.

AlAA International Space Planes and Hypersonic Systems and Technologies Conference



development. The Vehicle Systems R&T project is
pursuing approaches to develop flight demonstrator
testbeds to demonstrate technologies in flight and
obtain relevant data to validate analytic tools, design
approaches and ground test techniques. These flight
tests will generate data directly applicable to
validation of aerothermodynamic flow phenomena,
including boundary-layer transition, flow separation
and reattachment and shock-boundary layer
interactions. In addition, the re-entry flight testbed
may demonstrate novel flight sensor approaches to
obtain surface aeroheating data.

Aero-Propulsion

Airbreathing and combined-cycle propulsion
systems are candidates for mid and far-term RLV
applications. Two-stage and single-stage-to-orbit
(SSTO) systems that utilize dual-mode scramjet
propulsion, integrated with turbine and/or rocket
systems are part of the NGLT design trade space.
These vehicles are characterized by a high degree
of interaction between the airframe and propulsion
flowpath. Vehicle performance, stability and control
cannot be de-coupled from propulsion performance,
due to shared surfaces and flow field interactions, as
depicted in figure 8. Therefore, consideration of
integrated vehicle aero-propulsive performance must
start with design and analysis of the tip-to-tail
propulsion flowpath, including the internal flow
physics.

Scramjet Flowpath Development and Integration

Research and technology development in
airframe-integrated scramjet propulsion is closely

Forebody Shaping, Shock Structure and
Boundary-Layer State Impacts Engine Mass
Capture, Combustion Efficiency

Variable-Geometry
Engine Operation

Exhaust Plume and

Nozzle Expansion Exhaus\l?lumé
Impact Vehicle  |nteraction with
P|tCh|ng Moments Airframe,

Control Surfaces

Figure 8. Propulsion-Airframe Integration
considerations for hypersonic vehicles.
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integrated with NGLT hypersonic flight demonstrator
projects.”? NASA initiated the Hyper-X (X-43) flight
research project in 1995 to demonstrate the in-flight
performance of a hydrogen-fueled, airframe-
integrated scramjet at flight Mach numbers of 5, 7,
and 10.?® The project was subsequently redirected
to focus on Mach 7 and 10 flight tests, with ground
engine research continuing at Mach 5. The X-43C
project is a joint NASA-Air Force project to achieve a
flight demonstration of the USAF HyTech engine, a
hydrocarbon-fueled dual-mode scramjet.?* Similar to
the X-43A, this mission is accomplished by boosting
the research vehicle to the flight test altitude and
condition via a solid-rocket booster which is air-
launched from a B-52 aircraft. Whereas the X-43A is
designed to achieve only a few seconds of powered
flight at a single point design condition with heat-sink
hardware, the X-43C vehicle is designed to fly an
accelerating trajectory from Mach 5 to 7,
demonstrating ramjet-scramjet mode transition.
Additionally, the X-43C engine utilizes active
regenerative fuel cooling, which will provide a
validation of the heat exchanger design and the
endothermic cooling capacity of liquid JP-7 fuel. The
feasibility of a reusable combined-cycle flight
demonstrator (RCCFD) is also being investigated.
The RCCFD would demonstrate combined turbine
and scramjet operation up to Mach 7.

A significant technology shortfall exists in
providing high-fidelity databases to validate scramjet
performance at hypervelocity (Mach 10 and above)
speeds. As indicated in figure 9, the specific impulse
of the scramjet cycle decreases as Mach number
increases. Heat release due to combustion is
inversely proportional to the square of the
freestream Mach number. At Mach 15, the
combustion energy is approximately less than 25-
percent of the free stream kinetic energy, accounting
for flow field losses.” At these Mach numbers, small
changes in effective specific impulse can cause
significant changes in vehicle take-off gross weights,
thus impacting the ability of the system to meet
mission  performance  requirements.”®  This
represents a practical upper limit for efficient
scramjet engine operation. A further understanding
of the fundamental physical processes that govern
engine performance in the hypervelocity speed
range is required in order to optimize flowpath lines
for efficient operation and determine practical
operational limits.

Tests have been conducted most recently
on a scramjet flowpath model, representative of the
Mach 10 X-43A scramjet flowpath lines, at Mach 15
conditions in the NASA Hypersonic Pulse
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Figure 9. Airbreathing Propulsion Performance.

(HYPULSE) facility.”” This configuration is depicted
in figure 10. The HYPULSE facility may be operated
in either reflected shock tunnel (RST) or shock
expansion tunnel (SET) conditions.?® Design of a
hypervelocity scramjet model (HySM) is underway to
obtain a ground test data base for Mach 12-15
scramjet performance. Additionally, definition and
calibration of baseline test points for SET operation
in the Mach 12-15 range is underway. This includes
the design and fabrication of a facility nozzle suitable
for scramjet flowpath tests, and efforts to optimize
and calibrate the shock tunnel exit flow conditions
for these flight Mach numbers. These efforts will
build a comprehensive hypervelocity performance
database to optimize high-speed flowpath design
and refine performance calculations in vehicle
studies. Future hypersonic flight demonstrators are
planned to obtain flight data for airframe-integrated
scramjet operation at hypersonic Mach numbers.

Figure 10.
installed in NASA Hypersonic Pulse facility.

Representative flowpath model
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Dual-mode scramjet engine cycles must
function over a wide Mach number range in order to
meet mission requirements. Additionally,
configurations that utilize airbreathing propulsion
include multiple engine cycles and the issue of mode
transition must be addressed. One concept is the
integration of high-speed turbine engines with dual-
mode scramjet for the first-stage of a two-stage
vehicle or for SSTO vehicles.” Various studies have
been conducted to examine the integration of turbine
and scramjet flowpaths. A dual-flowpath inlet test
article will be tested to investigate the effects on
high-speed inlet performance during transition on a
representative configuration.

Depending on the Mach number range and
specific mission requirements, efficient inlet
operation over the applicable flight regime may
necessitate variable contraction ratios. Variable-
geometry concepts have been examined to provide
this required operability. Efficient multi-speed engine
operation also requires the development of fueling
strategies and engine control mechanisms. A longer-
term objective of this program is to conduct a
comprehensive test program to investigate
parametric performance for Mach 3-8 operation,
examine contraction ratio differences, examine
performance during mode transitions, and verify
closed-loop control algorithms.

Aero-Propulsive Interactions

Installed vehicle performance is a
combination of propulsion system and vehicle
aerodynamic performance for airbreathing systems.
Assessments of vehicle performance includes
simulation of powered effects in analytic modeling
and ground testing. Various ground test techniques
are used to evaluate the effects of powered
operation on tip-to-tail flowpath and vehicle
performance, including forebody-inlet test models,
partial and full flowpath models with combustion,
and the use of air or gas mixtures to simulate
powered exhaust plume effects in aerodynamic
facilities.*

During the National Aero-Space Plane
(NASP) program, significant work was done to
investigate the use of cold-gas mixtures to simulate
powered scramjet exhaust products in ground test
facilities.**® This technique was investigated in the
supersonic and hypersonic speed regimes (Mach 4-
10) with powered metric aftbody models to develop
the technique and measure external nozzle
pressures, exhaust plume impingement on wing
surfaces and aftbody forces and moments. Analysis
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to examine the correlation of cold simulant gases to
hot combustion products was initiated, but not
completed due to the termination of this
program.The X-43A flight project undertook a
significant ground testing and computational effort to
build the pre-flight vehicle database.** This effort
consisted of un-powered aerothermodynamic testing
with powered force and moment increments
supplied by CFD predictions. These predictions were
verified by full-flowpath force and moment data
obtained from the Hyper-X Flight Engine (HXFE)
tesgigg in the Langley 8-Ft. HTT, as shown in figure
11.

Efforts are underway to investigate
improvements to sub-scale exhaust simulation test
techniques. Development of future hypersonic flight
demonstrators and operational vehicles will require
assessments of aero-propulsive performance over
complete flight trajectories. Advancements in ground
test data are required to develop capabilities for
aero-propulsive database development and multiple
conditions within reasonable cycle times. Potential
test technique advancements include the application
of on-board rocket motors to test fully-metric wind
tunnel models and an investigation of continuous
hot-gas simulation with comparisons to cold-gas

mixture simulation and testing with actual
combustion products.
Vehicle systems studies have identified

installed transonic performance predictions as
having a high degree of uncertainty. Current
analytical methods are not sufficient to fully
characterize the integrated powered vehicle
performance in this speed range. A previous test
was conducted in the Langley 16-Foot Transonic
Tunnel to measure nozzle/aftbody flow field
characteristics and forces and moments on a NASP

Figure 11 Hyper-X Flight Engine (HXFE) in the
Langley 8-Ft. High Temperature Tunnel (HTT).

8

vehicle model. Figure 12 shows a photograph of this
configuration installed in the tunnel test section.
Comparisons between these test data and CFD
predictions provided insight in aftbody flow field
structures that influence installed forces and
moments.®”*® These comparisons suggest that
engineering tools are insufficient to fully resolve
transonic forces and moments and it is desirable to
utilize high-fidelity CFD to fully analyze the problem.
Application of the HEFSS unstructured CFD code,
described previously, to this problem is being
investigated.

Figure 12. Powered aftbody simulation test

Flight Mechanics

The technology focus in the flight mechanics
element is on the development of advanced
adaptive guidance, navigation and control (GN&C)
approaches for RLV configurations. Traditional
guidance and control approaches are designed to
provide acceptable performance and stability as long
as the parameters (mass properties, engine
performance, aerodynamics, atmospheric
conditions, and flight trajectory) remain within a
narrow design envelope. Advanced guidance and
control approaches seek to expand the envelope
using robust, adaptive algorithms. These
approaches enable the development of flight control
systems that can adapt to a wide range of trajectory
dispersion, failure and abort scenarios, thus
providing improvements in safety and reliability for
future RLV systems.

Recent work has focused on development
and testing of adaptive GN&C algorithms with
specific applications to rocket-propelled
configurations. Figure 13 shows a conceptual
schematic of an adaptive GN&C system.** The
elements of this system are described as follows.

e The autonomous flight manager is a
supervisory control unit that synthesizes inputs
from the flight control system, vehicle sensors
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and navigation system to analyze vehicle
parameters and determine appropriate actions
to adapt to dispersions, failures and abort
scenarios.

e Trajectory generation algorithms determine re-
designs of the flight profile based on sensed
vehicle performance, new flight constraints and
current conditions.

e Adaptive guidance algorithms modify attitude
commands in response to dynamic flight
conditions, off-nominal conditions or trajectory
updates.

e Adaptive re-configurable control algorithms
determine control torques necessary to maintain
vehicle control.

e Control allocation algorithms determine inputs
to available control effectors to allow full-use of
vehicle control effectiveness in off-nominal
conditions.

e System identification algorithms determine the
current flight vehicle behavior using sensed
data.

Advancements in algorithm approaches
have been made for several of these components.
Several algorithm approaches were evaluated in
high-fidelity simulations that included nominal

Crew/Ground

Autonomous Flight Manager

Trajectory Closed-
Generation Loop Control
Guidance

Attitude Control
Allocation

mission, abort, failure, and aerodynamic and
propulsion  dispersion scenarios.”’  Closed-loop
ascent guidance and entry guidance with on-board
trajectory re-design has been demonstrated in
existing simulation platforms.**** Several robust re-
configurable attitude control algorithms have been
matured and evaluated in integrated guidance and
control testing. These include a Theta-D algorithm43,
neural network*, trajectory linearization controller
(TLC)*, and a sliding mode controller.”® These
approaches significantly reduce the number and
controller tuning parameters that must be modeled.
Figure 14 illustrates an example of integrated test
scores for the SMC algorithm. Results for four failure
scenarios are shown, including elevon failures and
mis-modeling of lift, drag and pitching moment
coefficients. A comparison to performance of the
baseline (Shuttle-derived) algorithm is shown in the
figure. Several control allocation approaches have
been tested in integrated test environments. A
modified sequential least squares (MSLS) approach
for system identification has achieved TRL-3. The
near-term approach will continue to examine
selected algorithms for adaptive guidance, attitude
control and control allocation. The integrated testing
and simulation environment will also include the
LGBB database in the future as a representative
two-stage-to-orbit vehicle.

In addition to advancements in adaptive
GN&C algorithms, work was performed on adaptive
flight control architecture design and simulation tool

Control Vehicle
Effectors Dynamics L 5
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Navigation

System

<«

Figure 13. Conceptual design of an advanced adaptive Guidance, Navigation and Control (GN&C) system.
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Figure 14. Comparisons of algorithm test
results for SMC-SMO control algorithm.

development. A framework for the autonomous flight
manager, or “autocommander” was demonstrated
with placeholder algorithms for guidance and
control.  Autonomous guidance and control
adaptation, reconfiguration capability and
autonomous abort functionality was demonstrated in
simulation test environments. An advanced GN&C
design and simulation tool, known as the Integrated
Development and Operations System (IDOS) tool,
was formulated in the former Space Launch Initiative
(SLI) program. Functionality of several advanced
GN&C algorithms were demonstrated in the IDOS
environment. Further development of flight control
system architectures and advanced development
tools is on hold pending future risk reduction
programs for future operational RLV system
development.

Hypersonic vehicles have a much wider
parameter space for possible trajectory dispersions,
failure and abort scenarios. Mode transitions, engine
unstarts, flameouts, undesirable module and
flowpath interactions must all be considered.
Furthermore, due to propulsion-airframe integration
considerations, the propulsion and vehicle control
systems may be closely coupled. Engine control
algorithms are required to control variable
contraction ratio schedules and control fuel flow
rates to provide required thrust to meet mission
objectives, enable mode transitions and to prevent
and recover from engine unstart and flameout. The
NASP program addressed trajectory design and
guidance algorithms. Engine and vehicle control
systems for hypersonic vehicles were also
investigated in the Hyper-X program and work is
proceeding for the current X-43 program.*” The
current R&T program includes a study of failure and
abort scenarios for hypersonic vehicles and
conceptual flight control system architecture design.
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Summary

NASA is pursuing a broad range of
technologies to enable development of future
reusable launch vehicle (RLV) systems. Reference
design architectures include two-stage and single-
stage-to-orbit vehicles with rocket, airbreathing and
hybrid propulsion systems. As part of the Next
Generation Launch Technologies (NGLT) program,
the Vehicle Systems Research and Technology
Project include airframe structures and materials,
aerosciences, subsystems, spaceport and range,
and technology flight demonstrators. Aerosciences
technologies include aerothermodynamics, aero-
propulsion and flight mechanics. Technology
shortfalls addressed include configuration
aerodynamics and aerothermodynamics during
stage separation of two-stage vehicles and dual-
mode scramjet flowpath development and
integration for high speed operation. Additionally,
advancements in  computational tools and
methodologies, physics-based models,
measurement diagnostics and test techniques are
being made. Advanced guidance, navigation and
control algorithms are being developed to realize
safety and reliability goals for future RLV systems.
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